Histone arginine methylation in cocaine action in the nucleus accumbens Repeated cocaine exposure regulates transcriptional regulation within the nucleus accumbens (NAc), and epigenetic mechanismssuch as histone acetylation and methylation on Lys residues-have been linked to these lasting actions of cocaine. In contrast to Lys methylation, the role of histone Arg (R) methylation remains underexplored in addiction models. Here we show that protein-R-methyltransferase-6 (PRMT6) and its associated histone mark, asymmetric dimethylation of R2 on histone H3 (H3R2me2a), are decreased in the NAc of mice and rats after repeated cocaine exposure, including self-administration, and in the NAc of cocaine-addicted humans. Such PRMT6 down-regulation occurs selectively in NAc medium spiny neurons (MSNs) expressing dopamine D2 receptors (D2-MSNs), with opposite regulation occurring in D1-MSNs, and serves to protect against cocaine-induced addictive-like behavioral abnormalities. Using ChIP-seq, we identified Src kinase signaling inhibitor 1 (Srcin1; also referred to as p140Cap) as a key gene target for reduced H3R2me2a binding, and found that consequent Srcin1 induction in the NAc decreases Src signaling, cocaine reward, and the motivation to self-administer cocaine. Taken together, these findings suggest that suppression of Src signaling in NAc D2-MSNs, via PRMT6 and H3R2me2a down-regulation, functions as a homeostatic brake to restrain cocaine action, and provide novel candidates for the development of treatments for cocaine addiction.
histone arginine (R) methylation | drug addiction | medium spiny neurons | ChIP-seq | Src R epeated cocaine exposure is marked by persistent changes in gene expression within the nucleus accumbens (NAc), a central component of the brain's reward circuitry (1, 2) . Important aspects of cocaine action appear to be mediated by changes in gene transcription via chromatin regulatory mechanisms such as histone acetylation or methylation on Lys (K) residues (3) (4) (5) (6) (7) (8) (9) (10) (11) . However, in contrast to K methylation, the functional role of histone Arg (R) methylation remains underexplored in addiction models and poorly understood in the brain in general.
The methylation of R residues is catalyzed by the protein R methyltransferase (PRMT) family of enzymes, which can generate different methylated R states with diverse functional consequences, including monomethylarginine (MMA) and dimethylarginine (DMA) residues, the latter of which can be either asymmetric (aDMA) or symmetric (sDMA). PRMTs that catalyze aDMA are designated type I, and those that generate sDMA are designated type II (12, 13) . Histone tails are prime targets for these PRMTs, and R methylation induces alterations in chromatin architecture, either condensing or relaxing its structure, thereby creating binding sites for regulatory proteins that contain specialized binding domains (14, 15) .
PRMT6, a nuclear enzyme that modifies histone tails, is the primary enzyme responsible for asymmetric dimethylation of R2 on histone H3 (H3R2me2a) in mammalian cells (14, 16) . The H3R2me2a mark is thought to be repressive in nature because of its ability to counteract the activator function of the nearby H3K4me3 mark (17, 18) . Our group has previously shown a pronounced enrichment of the H3K4me3 mark at key gene promoters in the NAc after repeated cocaine exposure (9) . Based on these findings, we sought to determine whether PRMT6 and its associated histone mark, H3R2me2a, play roles in the remodeling of chromatin in the NAc after cocaine exposure.
Results

Regulation of PRMT6 in Rodent Addiction Models and Addicted
Humans. As a first step in assessing the involvement of histone R methylation in cocaine action, we screened the nine mammalian PRMTs in the NAc of animals treated with experimenter-delivered cocaine in their home cage for 1 or 7 d (Fig. 1 A and B) . At 24 h after the last i.p. cocaine injection, the mRNA expression levels of several Prmts were dynamically regulated in this brain region (Fig. 1B) . Prmt1, which encodes the major type I enzyme that has wide
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We demonstrate that protein-R (arginine)-methyltransferase-6 (PRMT6) and its associated histone mark, asymmetric dimethylation of R2 on histone H3 (H3R2me2a), are decreased in the nucleus accumbens (NAc) of mice and rats after repeated cocaine exposure, as well as in the NAc of cocaine-addicted humans. We show that cocaine-induced PRMT6 down-regulation occurs selectively in NAc medium spiny neurons expressing dopamine D2 receptors (D2-MSNs) and serves to protect against cocaine-induced behavioral abnormalities. Furthermore, we provide the first, to our knowledge, genome-wide characterization of H3R2me2a within a specific brain region in vivo, and identify Src kinase signaling inhibitor 1 (Srcin1 or p140Cap) as a key target for this chromatin modification. Srcin1 induction in the NAc after cocaine exposure, which is associated with reduced Src signaling, decreases cocaine reward.
substrate specificity and is responsible for the majority (∼85%) of total protein R methylation in cultured cells (19) , was downregulated by both single and repeated cocaine injections. Prmt2, Prmt5, Prmt6, Prmt8, and Prmt9 (20, 21) were down-regulated by repeated cocaine administration, but not by a single cocaine exposure. Prmt8 is enriched in brain (22) , and Prmt6 is the only type I PRMT exclusively located in the nucleus that modifies histone H3 (16, 17, 23) .
To determine the persistence of this down-regulation, we examined Prmt mRNA levels in the NAc at 28 d after the last cocaine injection and observed a persistent down-regulation of Prmt6 only (Fig. 1C) . To validate the mRNA findings, we characterized cocaine regulation of the protein levels of selected PRMTs in the NAc by Western blot analysis. PRMT6 protein levels were down-regulated in the NAc of mice at 24 h after repeated cocaine injection (Fig. 1D) . In contrast, PRMT1, PRMT5, and PRMT7 protein levels were not significantly altered.
We next studied whether cocaine-induced alterations in PRMT expression are associated with global changes in histone R-methylation in the NAc. Using an extensively validated antibody that is selective for H3R2me2a (SI Appendix, Fig. S1 ) (23), we found that this asymmetric dimethylation modification, which is the major mark deposited by the nuclear localized enzyme PRMT6, was down-regulated in the NAc of mice treated with repeated cocaine injections (Fig. 1E) . All other histone R methylation marks were unaffected. In contrast, neither PRMT6 nor H3R2me2a was altered in the prefrontal cortex or dorsal striatum in response to repeated cocaine administration (SI Appendix, Fig. S2) .
Next, to validate our findings in a model of contingent cocaine administration, we examined the NAc of rats trained to selfadminister cocaine for 10 d that went through a 7-d withdrawal period followed by reexposure to self-administration. In this paradigm, we also observed down-regulation of PRMT6 and H3R2me2a levels in the NAc (Fig. 1F) . Furthermore, we examined the NAc of postmortem human brains and found that PRMT6 mRNA levels were decreased in cocaine-addicted subjects compared with matched control subjects (Fig. 1F) . Taken together, these results support the hypothesis that the persistent down-regulation of PRMT6 and its associated mark H3R2me2a in the NAc is a consistent feature of cocaine action.
PRMT6 Modulates Addictive-Like Behaviors. To directly test the hypothesis that cocaine-induced down-regulation of PRMT6 in the NAc is important in controlling behavioral responses to cocaine, we used an unbiased conditioned place-preference (CPP) paradigm, which provides an indirect measure of cocaine reward, and overexpressed PRMT6, or PRMT1, PRMT5, or PRMT7 as comparisons, in the NAc by use of herpes simplex virus (HSV)-mediated gene transfer (SI Appendix, Fig. 3 , i, ii). As a control, we showed that overexpression of PRMT6 increased NAc levels of H3R2me2a (SI Appendix, Fig. S3 , iv), and that PRMT6 or PRMT1 overexpression did not alter expression levels of the other Prmt isoforms (SI Appendix, Fig. S3 , iii). In the CPP paradigm, mice that received intra-NAc HSV-PRMT6 spent more time in the cocaine-paired chamber compared with animals that received HSV-GFP ( Fig. 2A) , demonstrating that induction of PRMT6 in the NAc increases cocaine reward. In contrast, overexpression of PRMT1, PRMT5, or PRMT7 in the NAc did not alter cocaine CPP (SI Appendix, Fig. S4 ). To obtain the converse type of evidence, we generated an AAV vector that expresses an miRNA (miR) construct that knocks down PRMT6 when delivered into the NAc (SI Appendix, Fig. S3 , v). Mice that received intra-NAc injections of AAV-PRMT6-miR exhibited a decrease in cocaine CPP compared with animals that received AAV-GFP ( Fig. 2A) . Taken together, these data demonstrate that PRMT6 down-regulation in the NAc, which occurs after repeated cocaine administration, represents a homeostatic adaptation that counters aspects of the addictive phenotype.
Cell Type-Specific Action of PRMT6 in Cocaine Action. There are two major populations of NAc MSNs, those expressing predominantly either dopamine D1 receptors (D1-MSNs) or D2 receptors (D2-MSNs), which together compose >95% of all NAc neurons (2). To examine whether Prmt6 down-regulation by cocaine occurs in one or both of these MSN subtypes, we isolated ribosome-associated mRNA transcripts from D1-MSNs or D2-MSNs by extracting the NAc of D1-Cre-RiboTag or D2-Cre-RiboTag mice at 24 h after 7 d of cocaine or saline administration ( Fig. 2 B and C) (24) . Prmt6 mRNA was decreased in D2-MSNs but increased in D1-MSNs (Fig.  2C) , indicating that the down-regulation observed in whole NAc extracts is selective for D2-MSNs. Given that baseline levels of Prmt6 expression are roughly comparable between D1-MSNs and D2-MSNs (SI Appendix, Fig. S5, i) , why the decrease in D2-MSNs predominates is unclear. Because we found an opposite regulation of Prmt6 in D1-MSNs vs. D2-MSNs with cocaine, we achieved cell type-specific control over Prmt6 expression by cloning Prmt6 into a Cre-inducible loxP-STOP-loxP HSV vector (25) (HSV-LS1L-PRMT6), which directed PRMT6 overexpression to D1-MSNs or D2-MSNs selectively on injection into the NAc of D1-Cre or D2-Cre mice, expression not seen in WT littermates (SI Appendix, Fig.  S3, vi) . Overexpression of PRMT6 in D2-MSNs increased cocaine CPP, as observed when PRMT6 was overexpressed in all NAc neurons ( Fig. 2A) , whereas PRMT6 overexpression in D1-MSNs decreased cocaine CPP (Fig. 2D) . Furthermore, overexpression of PRMT6 specifically in D2-MSNs increased cocaine-induced locomotor activity (SI Appendix, Fig. S5 , ii). These results demonstrate that cocaine-induced PRMT6 down-regulation in the NAc occurs specifically in D2-MSNs, where it counteracts the rewarding effects of cocaine, thus reinforcing the hypothesis that this MSN subtype is necessary for opposing cocaine use (26) .
Decreased H3R2me2a Binding at Target Genes After Repeated Cocaine.
Genome-wide methods have increasingly been used to obtain an unbiased view of chromatin changes in animal models of psychiatric disorders including changes in the NAc in addiction models (4, 9, 11) . In nonneural tissues, H3R2me2a has been shown to act as a repressive mark that antagonizes H3K4me3 (17, 18) . Previous studies using chromatin immunoprecipitation (ChIP) in human blood and leukemia cells showed that H3R2me2a is distributed within gene bodies and at the 3′ end of genes, regardless of their transcriptional state, whereas it is selectively depleted from active promoters, coincident with the presence of H3K4me3 (18); however, nothing is known about the location of H3R2me2a in brain chromatin.
To investigate the genomic consequences of H3R2me2a downregulation in the NAc after repeated cocaine administration, we used ChIP-seq with diffReps analysis (27) and captured this mark at specific genomic loci at 24 h after the last drug dose (Datasets S1 and S2). Genome-wide heat map examination of saline-enriched H3R2me2a-binding sites revealed relative enrichment of H3R2me2a within gene bodies with a general depletion of this enrichment after cocaine administration (Fig. 3A) . Mapping saline-and cocaineassociated peaks to various genomic locations revealed that under saline and cocaine conditions, H3R2me2a peaks were found in both intergenic (i.e., noncoding) and genic regions, with introns being preferentially marked with H3R2me2a relative to exons (Fig. 3B and SI Appendix, Fig. S7) . We next conducted a correlation analysis between H3R2me2a and our previously published datasets (9) for seven other histone modifications in the NAc of mice that received equivalent cocaine or saline treatments (diffReps for H3K4me1, H3K4me3, H3K9me2, H3K9me3, H3K27ac, H3K27me3, and H3K36me3) (Fig. 3C) . We found that two histone K methylation marks generally associated with gene activation (H3K4me3 and H3K36me3) showed strong correlations with H3R2me2a down-regulation, whereas two histone K methylation marks generally associated with gene repression (H3K9me2 and H3K9me3) showed strong correlations with H3R2me2a up-regulation. These findings support the hypothesis that H3R2me2a in the NAc is associated with gene repression as observed in nonneural tissues. Considering previous reports that H3R2me2a prevents H3K4me3 deposition at gene promoters in peripheral cells (18) , we screened the mRNA expression levels in the NAc of the nine genes characterized by cocaine-induced decreases of H3R2me2a binding and increases of H3K4me3 binding in independent biological replicates (Fig. 3D) . Quantitative PCR (qPCR) revealed induction of Cobll1, Mxd1, Srcin1, and Usp46, with a trend toward induction observed for Fryl. To directly link PRMT6 and H3R2me2a to repression of these genes, NAc tissue was collected from animals infused intra-NAc with HSV-GFP or HSV-PRMT6. Compared with animals infused with HSV-GFP, those overexpressing PRMT6 in the NAc showed repression of Mxd1 and Srcin1 (Fig. 3E) . Based on recent studies indicating that Srcin1 plays a critical role in regulating synaptic plasticity in the hippocampus and spatial memory (28, 29) , and on the fact that Srcin1 is the most highly regulated among the genes that show reciprocal changes in H3R2me2a and H3K4me3, we focused subsequent attention on cocaine regulation of Srcin1.
Regulation of Srcin1 and Src Signaling by Repeated Cocaine. Srcin1 encodes Src kinase signaling inhibitor 1, also called p140Cap, an endogenous inhibitor that constrains the activity of the Src family of protein tyrosine kinases (30) . Based on our unbiased discovery of cocaine regulation of Srcin1, we investigated cocaine regulation of Src signaling in the NAc and its behavioral consequences. We found that Srcin1 as well as several other components of the Src signaling cascade, none of which have heretofore been examined in cocaine action, were regulated in the NAc by repeated cocaine administration (Fig. 4A) . Levels of Srcin1 protein were upregulated in the NAc by cocaine in concert with its transcriptional activation. We also verified that cocaine induction of Srcin1 was blocked by overexpression of PRMT6 (SI Appendix, Fig. S8 ).
We next investigated whether cocaine induction of Srcin1 is associated with changes in its downstream target, Src. Repeated cocaine administration increased the phosphorylation of Tyr517-Src, a phosphorylation site associated with inactivation of Src's tyrosine kinase activity, without altering total Src expression levels in the NAc. In contrast, repeated cocaine administration did not alter the phosphorylation of Tyr416-Src, associated with activation of Src kinase. This cocaine inhibition of Src is associated with decreased phosphorylation of Tyr925 and Tyr397 on focal adhesion kinase (Fig. 4A) , a known Src substrate. Mice overexpressing Srcin1 in the NAc (SI Appendix, Fig. S9 ) showed decreased cocaine CPP (Fig. 4B) , as well as decreased cocaine self-administration, using a threshold paradigm that induces behavioral readouts within the time frame of maximal HSVmediated transgene expression. Srcin1 overexpression in the NAc decreased the reinforcing efficacy of cocaine (Fig. 4C) and the motivation to self-administer the drug (Fig. 4D) (31, 32) . Using similar methodology as in Fig. 2D , we investigated the behavioral effects of overexpressing Srcin1 in D1-MSNs vs. D2-MSNs in cocaine CPP by cloning Srcin1 into the Cre-inducible loxP-STOP-loxP HSV vector (HSV-LS1L-Srcin1), which directed Srcin1 overexpression to D1-MSNs or D2-MSNs selectively on injection into the NAc of D1-Cre or D2-Cre mice (SI Appendix, Fig. S10 ). Overexpression of Srcin1 in D2-MSNs decreased cocaine CPP (Fig. 4E) , as observed when Srcin1 was overexpressed in all NAc neurons (Fig. 4B) , whereas Srcin1 overexpression in D1-MSNs did not significantly alter cocaine responses (Fig. 4E) . These results show that Srcin1 induction in D2-MSNs, like the down-regulation of PRMT6 in D2-MSNs, counteracts the rewarding effects of cocaine, thus reinforcing the hypothesis that this MSN subtype is important for opposing cocaine use. 
Discussion
Results of the present study demonstrate down-regulation of PRMT6 in the NAc of mice and rats treated repeatedly with cocaine and of cocaine-addicted humans examined postmortem. Cocaine down-regulation of PRMT6, which is specific to D2 MSNs in this brain region, constitutes a homeostatic response and reinforces the hypothesis that this MSN subtype is necessary for opposing cocaine-addictive behavior. Genome-wide characterization of H3R2me2a, the mark selectively catalyzed by PRMT6, in the NAc revealed that cocaine induces a small set of genes with coincident decreases in H3R2me2a and increases in H3K4me3. The induction of one such gene, Srcin1, in turn revealed cocaine regulation of the Src signaling pathway, with suppression of Src signaling in the NAc seen after repeated cocaine administration. Such Srcin1 induction and suppression of Src signaling in the NAc, like suppression of PRMT6/H3R2me2a, opposes the rewarding effects of cocaine, including self-administration of the drug.
PRMTs regulate multiple biological processes, including DNA transcription, mRNA splicing, and piRNA biogenesis, but very little is known about the regulation of Prmt translation from mRNA into protein. The disconnect between Prmt1, Prmt2, Prmt5, Prmt6, Prmt8, and Prmt9 mRNA vs. protein expression (Fig. 1) requires further study, but could involve mRNA-binding partners capable of influencing Prmt mRNA stability by modifying mRNA translation or degradation rates.
Histone R methylation has been shown to be important in orchestrating changes in gene transcription (14, 15) , and previous work has demonstrated that H3R2 methylation by PRMT6 is prevented by H3K4me3, confirming H3R2me2a's transcriptional repressive role (17, 18) . Here we show that cocaine-induced decreases in H3R2me2a binding and increases in H3K4me3 binding promote transcription of homeostatic target genes such as Srcin1. The lack of study of this posttranslational modification to date may be due to the scarcity of PRMT substrates, to the intrinsic stability histone R methylation (which is seen as incompatible with a role in regulating cellular pathways), and to the lack of tools for detecting R methylation. Together with recent investigations (33) (34) (35) , the present work dispels these earlier impressions, and raises histone R methylation changes in response to repeated cocaine to the rank of other more well-known histone posttranslational modifications implicated in the epigenetic basis of addiction.
The opposite behavioral effect observed on overexpression of PRMT6 in D2-MSNs, which increased cocaine CPP, vs. overexpression of PRMT6 in D1-MSNs, which decreased cocaine CPP (Fig. 2D) , is all the more intriguing because we observed the opposite regulation of Prmt6 expression in D1-MSNs vs. D2-MSNs by cocaine as well (Fig. 2C) . The literature implicates opposite roles of D1-MSNs vs. D2-MSNs in drug addiction, with D1-MSNs promoting both reward and sensitizing responses to psychostimulants and D2-MSNs dampening these behaviors (36, 37) . Therefore, increased PRMT6 levels in D1-MSNs and decreased PRMT6 levels in D2-MSNs after cocaine exposure may constitute a homeostatic response toward a common outcome, both opposing cocaine-addictive behaviors.
Evidence showing that decreased PRMT6 levels in D2-MSNs opposes addictive-like phenotypes (Fig. 2D) suggests that targeting this mechanism may have therapeutic potential. Although several specific PRMT inhibitors have been identified using in vitro screens, these compounds have proven to be of limited use owing to their inability to enter cells or their cytotoxic effects. Through investigation of the location of H3R2me2a, the mark selectively catalyzed by PRMT6, and its mechanism of action via preferential interaction with H3K4me3 after repeated cocaine, we identified Srcin1 and the Src signaling pathway as prospective therapeutic targets that may have less off-site effects. Indeed, after repeated cocaine administration, the Srcin1 gene showed decreased binding of H3R2me2a and increased binding of H3K4me3 in the NAc, and Srcin1 induction in this brain region by cocaine was reversed on PRMT6 overexpression (SI Appendix, Fig. S8 ). Further investigation of Srcin1 showed that its induction is associated with suppression of the Src signaling pathway (Fig. 4A) , and that Srcin1 overexpression in the NAc exerts antiaddictive properties in opposing the rewarding responses to cocaine (Fig. 4  B-D) . This action of Srcin1, like that of PRMT6, appears to be specific to D2-MSNs (Fig. 4E) .
Taken together, our present findings establish histone R methylation as a key regulator in the induction of Srcin1, a Src signaling repressor that opposes cocaine action. The results thus provide a new approach to identifying therapeutic targets for the treatment of cocaine addiction.
Methods
Animals and Treatments. Male C57BL/6J mice (The Jackson Laboratory), D1-Cre and D2-Cre mice (on a C57BL/6J background), and RiboTag mice (HA-Rpl22, also on a C57BL/6J background) crossed to D1-Cre or D2-Cre mice were used for the experiments as described. Male Sprague-Dawley rats (Charles River Laboratories) were used. All animal protocols were approved by the Institutional Animal Care and Use Committee of Icahn School of Medicine at Mount Sinai. Cocaine was purchased from Sigma-Aldrich. Repeated cocaine treatment involved seven daily i.p. injections of cocaine at 20 mg/kg unless stated otherwise.
Human Postmortem Brain Tissue. NAc tissue, obtained from the Quebec Suicide Brain Bank (Institutional Review Board approval from Douglas Mental Health University Institute) was analyzed for control and cocaine-addicted subjects matched for age, postmortem interval, RNA integrity, and pH (38) . Informed consent was obtained from all participants.
Stereotaxic Virus Injection and Cannula Implantation. Human PRMT1, 5, 6, and 7 pcDNA3 plasmids were obtained from Fabio Casadio (Rockefeller University) and cloned into HSV vectors. Gateway cloning technology (Invitrogen) was then used to recombine PRMT6 or Srcin1 into a Creinducible loxP-STOP-loxP HSV p1006 (25) . Syringe needles (33G) were bilaterally lowered into the NAc to infuse 0.5 μL of virus at a 10°angle (anterior/posterior, + 1.6 mm; medial/lateral, + 1.5 mm; dorsal/ventral, −4.4 mm from bregma).
Conditioned Place Preference. Mice were conditioned for 2 d to i.p. saline injections in one chamber for 30 min during a morning session and to cocaine injections (7.5 mg/kg i.p.) in the opposite chamber for 30 min during an afternoon session. The day after the second conditioning, the mice were tested for place preferences during a 20-min session where they were allowed to freely explore all chambers. CPP scores represent the difference in the time spent between the cocaine-paired and saline-paired chambers.
Self-Administration of Cocaine. Rats were implanted with chronic indwelling intrajugular catheters and trained for self-administration as described in Fig. 4 .
ChIP, Library Preparation, and ChIP-seq Data Analysis. Three fully independent biological replicates for saline and cocaine treatments were obtained for H3R2me2a. For each ChIP-seq replicate, bilateral 14-gauge NAc punches were pooled from 10 mice. ChIP-seq data were aligned to the mouse genome (mm9), and only unique reads were retained for analysis. FastQC was applied for quality control, and SAMTools was used to remove potential PCR duplicates. PhantomPeak was applied to estimate the quality and enrichment of the ChIP-seq datasets. All three replicates of each condition were pooled and normalized to 1 million reads. The density of H3R2me2a binding 1-2 kb upstream and downstream of transcription start sites (TSSs) of coding genes in Ensembl annotations were plotted. diffReps (39) was used to compare the differential enrichment of H3R2me2a between saline-treated mice and cocaine-treated mice.
Statistics. Numerical analyses were performed using GraphPad Prism 5.0. The Student's t test was used whenever two groups were compared, and oneway ANOVA was performed to determine significance for all other data. Significant main effects (P < 0.05) were analyzed further using post hoc tests.
